Abstract. Transcriptionally active chromatin from peripheral amplified nucleoli of lampbrush-chromosome stage oocytes of Xenopus laevis was dispersed and spread in various solutions of low salt concentrations (including some with additions of detergents) and examined by electron microscopy. Nucleolar material from oocytes of animals with normal (2-nu) and mutant (1-nu) genetical constitution of nucleolus organizers was compared. Histograms showing the distributions of the lengths of matrix units, apparent spacer intercepts, and the total repeating units of the rDNA containing chromatin axes revealed a significant degree of heterogeneity, with indications of subclasses and predominant repeat unit size classes of 3.3 and 3.8 gm length. The correspondence of matrix unit length to the molecular weight of the first stable product of rDNA transcription was studied using gel electrophoresis of labelled pre-rRNA under non-denaturing and denaturing conditions. Evaluations of individual strands of nucleolar chromatin further demonstrated the existence of both (i) strands with obviously homogeneous repeating units and (ii) strands with intra-axial heterogeneity of rDNA subunits. "Prelude complexes", i.e. groups of transcriptional complexes in apparent spacer intercepts, were not infrequently noted. The data are compared with the measurements of lengths of repeating units in fragments of rDNA obtained by digestion with EcoRI endonuclease as described by Morrow et al. (1974) and Wellauer et al. ( , 1976a . The results are discussed in relation to problems of variations in the modes of arrangement of the pre-rRNA genes, the state of packing of rDNA during transcription, and possible mechanisms of the amplification process.
Introduction
In eukaryotic cells the DNA (rDNA) which contains the sequences coding for the cytoplasmic 18 and 28S ribosomal RNAs (rRNAs) consists of numerous tandemly arranged "repeating units". Each repeating unit contains one sequence coding for the precursor molecule to the rRNAs (pre-rRNA), and an adjacent more or less extended sequence, which is not complementary to pre-rRNA (for references see Birnstiel et al., 1971; Schibler et al., 1975; Spring et al., 1976) . Miller and Beatty (1969) and Miller and Bakken (1972) have shown that this subdivision of the repeating unit can be directly visualized in the electron microscope after dispersion and spreading of the transcriptionally active nucleolar chromatin. Regions of transcription appear as "matrix units", i.e. axial intercepts densely covered by lateral ribonucleoprotein (RNP) fibrils arranged in a characteristic length gradient. Such matrix units containing nascent pre-rRNA are separated by usually fibril-free intercepts which are interpreted as nontranscribed "apparent spacer units" (for terminology see Franke et al., 1976a) . In the clawed toad, Xenopus laevis, a detailed model of the arrangement of specific rDNA sequences in the repeating unit has been developed from work with isolated rDNA, rRNAs, and pre-rRNA (Dawid etal., 1970; Speirs and Birnstiel, 1974; Dawid and Wellauer, 1976; Schibler etal., 1976) . In contrast to earlier concepts emphasizing the homogeneity of rDNA repeating units in Xenopus (e.g., Wensink and Brown, 1971; Brown et al., 1972; Forsheit et al., 1974) , recent results obtained from cleavage patterns of rDNA with EcoRI restriction endonuclease have shown a striking size heterogeneity of repeating units which primarily reflects the heterogeneity of "spacer" lengths (e.g., Morrow et al., 1974; Wellauer et al., , 1976a Wellauer and Reeder, 1975) . Heterogeneity of length of repeating units, including heterogeneity of apparent spacer units, has also been noted in the transcriptional units of spread nucleolar chromatin from diverse organisms such as certain green algae, insects, and amphibia (Miller and Beatty, 1969; Scheer et al., 1973; Spring etal., 1974 Spring etal., , 1976 Trendelenburg etal., 1974 Trendelenburg etal., , 1976 Trendelenburg etal., , 1977 Berger and Schweiger, 1975; Foe et al., 1976) . In order to answer the question whether the size heterogeneity of the repeating units observed in isolated Xenopus rDNA corresponds to the pattern observed in transcribed nucleolar chromatin we have undertaken a detailed quantitative study of the distribution and modes of arrangement of transcriptional units in the amplified rDNA of the Xenopus laevis oocytes. In addition, the electron microscopic examination of spread nucleolar chromatin allows an analysis of the size and arrangement of rDNA repeating units in individual strands.
Material and Methods

Animals. African clawed toads (Xenopus laevis)
were kept in large water tanks at 20-22 ~ C under a 12 h light-dark rhythm. Some animals were induced to ovulate by the injection of 500 IU of a human chorion gonadotropic hormone (Predalon; Fa. Organon, Munich). Animals heterozygous for the anucleolate mutation (1-nu; cf. Elsdale et al., 1958) were kindly provided by Dr. M. Fischberg (Universit6 de Gen+ve, Switzerland).
Electron Microscopy and Morphometrie Determinations.
Nuclei from lampbrush chromosome-stage oocytes (diameter ca. 500 i~m) were manually isolated in a NaC1 and KC1 containing medium buffered with 10 mM Tris-HC1 to pH 7.2 . To separate the extrachromosomal, peripheral nucleoli from chromosomal material a nucleus was punctured with 2 fine needles, and the nuclear envelope, together with the tightly adhering nucleoli, was removed by aspiration into a micropipette and transferred into a drop of the spreading solution. For each preparation nucleolar material obtained from a single oocyte was used. The spreading solutions were either (i) 0.1 0.5 mM borate buffer, pH 9 ("pH 9-water"; Miller and Bakken, 1972) , or (ii) pH 9-water with 0.05-0.1% of the anionic detergent Sarkosyl NL-30 (Ciba-Geigy, Basel, Switzerland; cf. Franke et al,, 1976 b) , or (iii) pH 9-water with 0.01% of the detergent ~ (Miller and Bakken, 1972) , or (iv) pH 9-water containing 100 gg/ml tRNA (isolated from E. coli) with or without Sarkosyl (see also Foe et al., 1976) . The nucleolar material was allowed to disperse for 10 to 20 min at about 10 ~ C and was then centrifuged as previously described . Material applied to electron microscopic grids was then positively stained (Miller and Bakken, 1972) . Some preparations were additionally metal shadowed with platinum-palladium (80:20) at an angle of 7 ~ Micrographs were taken with a Zeiss EM-10 electron microscope at 60 kV. The magnification was determined from micrographs of grating replicas. Calibrated positive prints were projected onto a digitizer tablett. Calculations and distribution analysis were made with the use of a computer program kindly developed by R. Zentgraf, Dipl. Math. (Institute of Documentation and Statistics, this center). Matrix units, apparent spacer units, and repeating units were measured as described previously cf. also Scheer et al., 1976a) .
Gel Electrophoresis of RNA.
Lampbrush chromosome stage oocytes were isolated from females which had been induced to ovulate one day before and were incubated in Eagle's minimal essential medium (1:1 v/v diluted with distilled water) containing all four tritiated ribonucleosides (for further details see Scheer et al., 1975) at 23 ~ C for 17 h. RNA was extracted from isolated nuclei as described previously (Scheer, 1973; Scheer et al., 1973) . After the addition of E. coli rRNAs (tool. wts. 0.525 and 1.05 x 106, cf. Fellner et al., 1974; Spohr et al., 1976 ) and tobacco mosaic virus RNA (TMV-RNA, assumed mol. wt. 2.07 x 106, cf. Reijnders et al., 1974 ) the total RNA was precipitated with 2.5 vol absolute ethanol. The samples were analyzed either under nondenaturing conditions in cylindrical 2.4% acrylamide gels (Loening, 1969) or under fully denaturing conditions in exponential 3-7% acrylamide gels containing formamide at 50 ~ C (Spohr et al., 1976) . Gels were scanned at 260 nm in order to determine the position of the marker RNAs, then frozen on solid dry ice, cut into 1 mm thick slices, and the radioactivity was determined (cf. Scheer et al., 1973; Spring et al., 1976) .
Results
In general, the nucleolar chromatin from oocytes of Xenopus laevis is less readily dispersed and spread than that from oocytes of various urodelan species (the literature presents relatively few micrographs; cf. Miller and Beatty, 1969 ; Schibler et al., 1976; Reeder et al., 1976) . When amplified nucleoli from lampbrush stage oocytes of X. laevis were spread under standard conditions (" pH 9-water", see Methods) mostly dense aggregates of nucleolar chromatin strands were observed. These nucleolar aggregates were deposited as distinct isolated units and each seemed to be composed of several hundred matrix units. Even after prolonged dispersion of the nucleoli in very low salt concentrations (up to 40 rain incubation), only an average of one out of eight preparations allowed a sufficiently precise length determination of transcribed and apparently untranscribed units of chromatin strands, and this was mostly limited to axes in the periphery of the nucleolar aggregates (e.g., Fig. 1) . A typical aspect of well spread tandemly arranged pre-rRNA genes of X. laevis oocytes, as observed after dispersion in "pH 9-water", centrifugation and positive staining, is presented in Figure 2 a. Each matrix unit consisted of an axial intercept to which 80 to 100 lateral ribonucleoprotein (RNP) fibrils of increasing lengths were attached. Within the matrix units the increment of fibril lengths (cf. Franke et al., 1976a) was relatively constant, in contrast to the situations found in similar preparations of nucleoli from various other organisms (cf. Laird et al., 1976) . The axial lengths of the matrix units, i.e. the apparent transcriptional units, could be determined with sufficient accuracy, and consequently also the lengths of the apparent spacer intercepts (e.g., Fig. 2a ). Addition of low concentrations of detergents facilitated the dispersion of the nucleolar chromatin and resulted in an increased proportion of well spread and traceable axes (e.g., Figs. 2b, 8) . However, some preparations made in the presence of elevated concentrations of detergents or after prolonged times of incubation in low detergent concentrations revealed an aspect resembling the appearance of nucleolar chromatin spread after treatment with ribonuclease: many of the lateral fibrils were no longer identifiable, either because they were unstained due to the extraction of proteins or because they were removed from the basal RNA polymerase-containing granules 1. Nevertheless, even in such preparations, matrix unit regions could be clearly distinguished from spacer intercepts since the granules containing the RNA polymerase remained associated with the template and thus exhibited the typical arrangement of active transcriptional units (Figs. 2c and 3). This non-random pattern of detergent-resistant basal granules, together with the observation that at higher concentrations the detergent Sarkosyl removes the bulk of chromatin-bound proteins, including histones, but leaves the transcriptional complex proper intact (for references see Gar[glio et al., 1974; Franke etal., 1976b) , supports the concept that these granules indeed represent RNA polymerase complexes (for detailed discussion see Franke et al., 1976 b) . The characteristic sequence of alternating transcribed (matrix) and apparently non-transcribed (spacer) regions frequently was interrupted by the occurrence of "prelude complexes" (for definition see Scheer et al., 1973; Franke et al., 1976a) . Groups of lateral fibrils of increasing lengths were attached to the nucleolar chromatin axes in regions corresponding to spacer intercepts, often immediately before the start of a matrix unit (Fig. 4a-e) . Such "prelude complexes" could be clearly distinguished from the typical pre-rRNA matrix units by their shorter axial lengths (range from about 0.5 to 1.4 ~tm) and the inverse correlation between their specific length and the length of the remaining fibrilfree portion of the spacer intercept. Occasionally, a region in between two pre-rRNA matrix units was almost entirely covered by lateral fibrils of such a "prelude complex", indicative of a high transcriptional activity in the specific spacer (Fig. 4 b, c, e ).
1 The extent to which these detergents, even at the highest concentrations used, resulted in such a disappearance or "invisibility" of the lateral fibrils was quite variable. We do not know, whether this effect is due to either the partial or complete removal of proteins attached to the nascent pre-rRNA, which then would make the RNA unstainable and/or more accessible to endogenous nucleases, or to an activation of nucleases by the detergents. Addition of transfer RNA to the detergent-containing spreading solution in order to reduce the action of nucleases did not result in the reproducible maintenance of visible lateral fibrils . 2c ). Although the matrix material has been removed from the axes the clusters of RNA polymerase-comaining particles still display the pattern of ~-anscribed al~d apparently non-transcribed regions along the rDNA-containing strands. The arrow denotes a nuclear envelope fragment of three isolated pore complexes. The bar represents 2 lain Length distributions of matrix units, spacer regions and repeating units were determined in different oocytes from different animals of normal (2-nu) or mutant (1-nu) nucleolus organizer constitution (selected histograms from three different animals are presented in Fig. 5a-c) . Apparent spacer units were measured as the distance between two adjacent pre-rRNA containing matrix units (for definition o f " matrix unit" see Trendelenburg et al., 1976) , irrespective of the occurrence of transcriptional activities such as in "prelude complexes" contour length ()~m) Fig. 5a -e. Histograms of the size frequencies of matrix units, apparent spacer units, and the resulting repeating units in spread nucleolar chromatin from three different toads. Oocyte nuclei were isolated from two wild-type animals, and the nucleoli were dispersed without (a) or with detergents (b). Alternatively, oocyte nuclei from a l-nu mutant were dispersed and spread in the presence of detergents (c). Heterogeneity of lengths is noted, with some indications of the existence of subclasses. The heterogeneities of the repeating units appear to reflect the positive skew of the distribution of. the matrix unit and spacer unit sizes. This also shows that matrix units of greater lengths do not correspond to adjacent short spacer units or vice versa. In such skewed distributions the mean is not meaningful, whereas the use of the median makes sense. In addition, the standard deviation a is replaced here by the '~sextile difference", i. Repeating units 5 contour length (,~m) mostly distributed in a non-Gaussian mode. In some oocytes, two discrete size classes of the spacer could be recognized (e.g., Fig. 5a ). Occasionally occurring extremely long apparent spacer units (4.5 to 6.5 gm; e.g., Fig. 2b) were not considered in these histograms since it cannot be excluded that these regions include transcriptionally inactive pre-rRNA genes (for examples of inactivated nucleolar chromatin see Scheer et al., 1973 Scheer et al., , 1975 Scheer et al., , 1976b McKnight and Miller, 1976) . Repeating units showed a broad distribution of their lengths, ranging from 2.4 to 7 gm, and the histograms obtained usually indicated the existence of discrete subclasses (predominant size classes, for example, were 3.2-3.4 gm, 3.7-3.8 ~tm, 4.3-4.4 gm, 4.6-4.8 gin). The relative proportions of the size classes Fig. 6 a-e. Examples of axes with relatively homogeneous arrays of matrix units and spacer intercepts in oocytes of animals with wild-type (a, b) and 1-nu (e) genetic nucleolar constitution. Repeating nnits are denoted by brackets (only one of the two possible spacer-matrix combinations has been considered). Some matrix units show occasional irregularities in the lateral fibril length gradient. For quantitative evaluations of the lengths of the repeating units see Fig. 9a -c. Bars represent 3 gm varied considerably in the histograms obtained from preparations of different animals. A markedly heterogeneous size distribution, with indications of subclasses, was noted in the repeating units of nucleolar chrornatin from single oocyte nuclei of both wild-type and 1-nu animals (see Fig. 5a-c) . Moreover, length differences of the repeating units were observed in adjacent chromatin strands which were presumably derived from the same nucleolus (e.g., Fig. 7 a-c) . It should be emphasized that the length variability of the repeating units could reflect variations of both the apparent spacer region and/or the matrix unit.
When individual chromatin strands were evaluated, both the matrix units and the spacer units of a specific strand were mostly of similar length (" strands with a homogeneous pattern"; e.g., Figs. 6 a-c, 9a-c) . However, we repeatedly also observed nucleolar strands with different lengths of both matrix units and spacer units (e.g., Figs. 7d, 8, and 9d, e) . In some strands, groups of repeating units of identical size could be found adjacent to repeating units of a different size class, which may suggest a tendency to clustering of identical repeating units (Fig. 8) . Size variability of matrix units, spacer units, and the Fig. 8 . Intra-axial length differences of repeating units may reflect length differences of matrix regions (brackets) as well as of apparent spacer intercepts (brackets; the specific lengths are given in ~tm; cf. Fig. 9e ) Spread preparation of nucleoli from a wild-type toad. Bar represents 2 gm resulting repeating units was comparable to that found in the total of nucleolar chromatin units from the same oocyte.
The size of the primary product of rDNA transcription should correspond to the length of the transcriptional unit, i.e. in approximation the matrix unit (cf. Miller and Beatty, 1969; Scheer et al., 1973; see, however, also Trendelenburg et al., 1973 see, however, also Trendelenburg et al., , 1976 . The molecular weight of pre-rRNA extracted from aliquots of the material used for the electron microscopic measurements was determined by gel electrophoresis under non-denaturing and under fully denaturing conditions (Fig. 10a, b) . In both gel systems the apparent molecular weight was calculated, assuming an inverse logarithmic relation between electrophoretic mobility and molecule length, from the known molecular weights of coelectrophoresed reference RNAs. When analyzed on a non-denaturing 2.4% polyacrylamide gel, the pre-rRNA from Xenopus laevis oocytes appeared as a symmetrical peak with an apparent molecular weight of 2.55 x 106 (Fig. 10a ), in agreement with values obtained with similar gel systems (e.g., Loening et al., 1969; Rogers and Klein, 1972; Bird etal., 1973; Scheer, 1973; Hagenbfichle etal., 1975) as well as with estimates from electron microscopic measurements of spread RNA molecules Schibler et al., 1975) . Under dena- Figure 6a , b that shown in Figure 6b , e that of Figure  6c , d that of Figure 7d , and e that of Figure 8 . In each panel the upper histogram represents the lengths of matrix units plus their preceding spacer units, whereas the histograms below the abscissae give the lengths of these matrix units plus the specific subsequent spacer. Measurements shown in panels a, b, and e are included in the distribution of Figure 5d , those shown in panels e and d are included in the histogram presented in Figure 5b turing conditions, however, the apparent molecular weight estimated for the pre-rRNA was only 2.1 x 106 and showed an almost identical mobility to tobacco mosaic virus RNA (Fig. 10b) . The difference in the estimated molecular weights was not due to a partial degradation of the RNA during the electrophoresis. This could be excluded by experiments in which the pre-rRNA was eluted from the peak obtained after electrophoresis under denaturing conditions and then re-electrophoresed under non-denaturing conditions in which the apparent molecular weight again was 2.5 to 2.6 x 106. Correspondingly lower apparent molecular weights were also estimated for the mature 28S rRNA but not for 18S rRNA from Xenopus laevis ovaries (molecular weights of 1.45 and 0.63 x 10 6 under non-denaturing conditions, and 1.30 and 0.63 • 106 under denaturing conditions). A final estimate of the true size of the pre-rRNA cannot be made size differences among different repeating units are highly significant. The range of repeating unit lengths observed with this method 'corresponds to that reported by Wellauer et al. ( , 1976a cf. also Morrow et al., 1974 ) from analyses of rDNA fragments obtained by cleavage with the restriction endonuclease EcoRI. The frequently noted maximum of a total repeating unit length of about 3.8 gm in our analyses may reflect the predominance of a rDNA repeat unit of ca. 7.6 x 106 molecular weight reported by Wellauer et al. ( , 1976a in different shipments of toads. Moreover, our histograms of the sizes of the repeating units in transcribed nucleolar chromatin from various animals suggest the existence of distinct subclasses that occur at variable frequencies in different animals. The major subclasses noted in our study seem to correspond to some of the size classes of rDNA units of J(enopus laevis and X. rnuelleri determined by gel electrophoresis of cleavage fragments obtained by treatment with restriction enzyme (Morrow et al., 1974; Wellauer et al., , 1976a . From our finding that the degree and the pattern of heterogeneity of isolated amplified nucleoli attached to the nuclear envelope is indistinguishable from that observed in spread preparations of total nuclear contents of the same animal, it is further clear that this heterogeneity exists in the ampli~ed rDNA units, in accord with the studies of rDNA cleavage patterns after treatment with EcoRI nuclease (references quoted above). In contrast to the notion of Wellauer et al. (1976b) , however, we conclude from the present data that size heterogeneities of repeating units can also exist within individual amplified rDNA molecules, besides a large number of amplified nucleolar strands that consist of rather homogeneous repeating units. Such intra-axial heterogeneity is hardly explained by an amplification mechanism which involves starting units which contain only one pre-rRNA gene (for discussion see Wellauer et al., 1976b) . The existence of different rDNA units in the same amplified molecule seems to be compatible with the widely accepted concept that amplification takes place via a "rolling circle" mechanism (Hourcade et al., 1973; Rochaix et al., 1974; Bakken, 1975; Buongiorno-Nardelli et al., 1976) only if one allows for multigenic rDNA circles containing different units in the initial steps of the replicative process. Adjacent repeating units of different sizes have recently also been described in the amplified rDNA of the oocytes of two insect species, Dytiscus marginalis and Acheta domesticus (Trendelenburg et al., , 1977 .
Moreover, size differences of rDNA repeating units in the same strand (intraaxial heterogeneities) have been noted in spread preparations of nucleoli from primary nuclei of dasycladacean green algae (Spring et al., , 1976 Trendelenburg et al., 1974) and from embryonic cells of Drosophila rnelanogaster (e.g., Fig. 6 of McKnight and Miller, 1976) and the milkweed bug, Oncopeltusfasciatus (Foe et al., 1976) , but in all these cases a non-amplified, chromosomal nature of the specific strand cannot be excluded. his colleagues (1974, 1976a, b) have reported that the size differences among rDNA repeating units exclusively reflect differences of the lengths of the specific intercepts of "non-transcribed spacer". Although the exact relationship between the rDNA region containing the sequence for the pre-rRNA and the matrix unit observed in the transcribed nucleolar chromatin is yet not fully understood (for detailed discussion see, e.g., Loening, 1975; Franke et al., 1976a; Rungger and Crippa, 1976 ) the present results strongly support our earlier interpretation ) that the transcribed regions, i.e. in approximation the matrix units, can also show length differences, even in adjacent repeating units. Whether such differences in matrix unit lengths really correspond to size differences of pre-rRNA molecules, or whether they represent variations of the amounts of material cleaved from the growing pre-rRNA molecule (cf. Franke et al., 1976a) , remains to be clarified. In this connection it should again be emphasized that in no eukaryotic cell system the primary product of rDNA transcription has yet been identified. On the contrary, there exist indications that the specific predominant pre-rRNA component, i.e. in amphibia the RNA species with 2.55 x 106 or 2.1 x 106 apparent molecular weight (depending on the specific gel system used for determination; cf. Results; note also figures of 2.74 and 2.81 x 106 molecular weight estimated from contour length measurements in electron micrographs of partially denatured molecules; cf. Schibler et al., 1975) is not the primary transcript (Slack and Loening, 1974; Loening, 1975; Franke et al., 1976a; Rungger and Crippa, 1976) .
The results of our experiments with oocytes of the 1-nu mutant illustrate the existence of a great extent of heterogeneity of repeat unit lengths within one nucleolar organizer and amplified derivatives thereof. This indicates that the extent of heterogeneity present in a specific nucleolus organizer can be as large as that of the two different organizers present in the oocytes of normal animals with the genetical 2-nu constitution. This is in accord with the report by Wellauer et al. (1976b) who found significant heterogeneity of the spacer fragments obtained by EcoRI cleavage of rDNA from 1-nu toads.
The distribution of the lengths of the repeating units of rDNA as demonstrated by the analysis of fragments obtained after specific cleavage with restriction endonuclease EcoRI corresponds to that measured directly in the transcribed nucteolar chromatin after dispersion and spreading under various conditions. This strongly supports the view that the rDNA is in B-conformation and in an extended form, i.e. not packed into nucleosomes, in the transcriptionally active chromatin (for detailed discussion see Franke et al., 1976b) . The histones which have been found in nucleoli isolated from Xenopus laevis stage II and III oocytes (Higashinakagawa et al., 1976) then would be present either in inactive regions of nucleolar chromatin (as to the changes of transcriptional activity during oogenesis see Scheer et al., 1976b) or would be associated with the DNA in a non-nucleosomal form.
The apparent spacer intercepts of nucleolar chromatin of Xenopus laevis show, at variable frequency, distinct groups of lateral fibrils of increasing lengths which are not continuous with the fibril gradient of the specific following prerRNA matrix unit. Such "prelude complexes" of variable lengths, some of which occupy most of the whole spacer intercept, have been observed in nucleolar chromatin from other organisms and cell types Trendelenburg et al., 1973 Trendelenburg et al., , 1974 Trendelenburg et al., , 1976 Trendelenburg et al., , 1977 Spring et al., 1974; Franke et al., 1976a) . Their existence strongly suggests that parts of the apparent spacer region of rDNA are, at least occasionally, transcribed simultaneously with the pre-rRNA genes. Whether their occurrence reflects the "irregular" persistence of products 
